Abstract: Lanthanide-containing nanoscale particlesh ave been widely explored for variousb iomedical purposes, however,t hey are often prone to metal leaching. Here we have createdan ew coordination polymer (CP) by applying, for the first time, as table Gd III chelate as buildingb lock in order to preventa ny fortuitous releaseo ff ree lanthanide(III) ion. The use of the Gd-DOTA-4AmPc omplex as ad esign element in the CP allows not only for enhancedr elaxometric properties (maximum r 1 = 16.4 mm À1 s À1 at 10 MHz), but also for ap Hr esponsiveness( Dr 1 = 108 %b etween pH 4a nd 6.5), beyond the values obtained for the low molecular weight Gd-DOTA-4AmP itself. The CP can be miniaturised to the nanoscale to form colloidst hat are stable in physiological saline solutiona nd in cell culture mediaa nd does not show cytotoxicity.
Introduction
Magnetic resonance imaging (MRI) is ap owerful diagnostic tool in medical science thanks to its non-invasive character and sub-millimetre spatial resolution. This success would not have been possible without the parallel development of contrast agents (CAs), which are substances capable of enhancing the intrinsic contrasto ft he technique and improve itsanatomical resolution. [1] From the 1980s, paramagneticG d III chelates have stood out for their excellent properties as CAs and their safe use in comparison to the toxic, free Gd III ions. [2, 3] Some of these Gd III chelates (e.g.,D otarem and Prohance )a re currently commerciallya vailablea nd widelyu sed in clinics.H owever, these substances are still affected by low sensitivity,l ack of selectivity and low retention times, meaning that they are only effective in areas of high bioaccumulation.F or this reason, there has been much interest in developings trategies to enhancet he performance of this class of CAs. [4] Amongthe different strategies, ap romising one is their nanostructuration, eitherb yu sing them as building units to make new nanostructured materials or by attaching them ontop re-synthesised nanomaterials. [5] This approach provides the potential advantageso fl owering the rotational tumbling of the Gd III chelates, enhancing the payload of Gd III ions per nanoparticle, and increasingt he in vivo circulation time. To date, excellent results have been obtained by structuring Gd III chelates in dendrimers, [6] viral capsids, [7] proteins, [8] mesoporous silica, [9] polymeric self-assemblednanoparticles, [10, 11] andl iposomes. [12] Nanoscale coordination polymers (CPs) and metal-organic frameworks (MOFs) are an alternative class of materials to be explored for nanostructuring these CAs. Prior to this work, some advances have been done in developing MRI CAs from CPs/MOFs. [13] [14] [15] These CAs have mainly been synthesised by the assembly of individual Gd III ions and polycarboxylic organic linkers. [16, 17] However,s ince lanthanide-carboxylate-based CPs/ MOFst ypicallyl ack stabilityi nw ater and especially in body fluids, they would degrade when exposed to these mediar eleasing the Gd III ions in their free toxic form. In addition, this lack of stabilitya lso preventsd etailed relaxometry studies becauseo ft he interference of the leached free paramagnetic Gd III ions. Herein, we present for the first time the incorporation of aG d III macrocyclic chelate in the structure of aC Pb yc onnect-ing it through Zn II ions. Previous attempts made in our group to build up aC Pu sing aG d III macrocyclicc helate were focused on using the 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetramethylenephosphonic acid (DOTP). [18] However,w ef ound that the corresponding Gd-DOTP chelate did not react with most of metal ions (e.g., Z n   II   ,N i   II   ,C o   II   ,M n   II   ,F e  III and Mg   II   ) , presumably because the four phosphonate groups were coordinatingt he Gd III ions (Scheme1). [19] In fact, the Gd-DOTP chelate reacted only with Cu II ions, [20] but through am echanism that involved the replacement of the Gd III by the Cu II inside the DOTP macrocyclic cavity leaving the phosphonate groups free to coordinate to the replaced Gd III ions. In this work, we hypothesize that the introduction of as econd functionality in the pendant arms of the macrocyclic ligand applied as linker should ensure the coordination of the Gd III inside the macrocyclic cavity while leaving the phosphonateg roups free to coordinate to second metal ions and thus form the CP.F or this reason,w ehave selected 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetamidomethylene phosphonic acid (DOTA-4AmP). [21] In contrast to DOTP,t his macrocyclicl igand has two functionalities (amide and phosphonate groups) in each one of the four pendant arms. The four oxygen atoms of the amide groups along with the four ring nitrogen atoms chelate the Gd III ions inside the macrocyclic cavity,t hereby allowing the Gd-DOTA-4AmP to have the four phosphonate groups free to coordinate with other metal ions forming CPs (Scheme 1). Importantly,t he resultant CPs should also showm ore stability under aqueous conditions since phosphonates form stronger bonds with metals than carboxylates do. [22] Finally,a nother potentialf eature to be considered when using this macrocyclic linker is that, since the Gd-DOTA-4AmP chelate has been already provedt ob ee ndowed with pH dependentr elaxivities, [21, 23] its use could pave the way for the synthesis of nanostructured CPs that, in addition to enhanced CA properties, could behave as ap H-responsive contrastagent.
We demonstrate that bulk crystals of at hree-dimensional CP with formula Zn 6.5 [Gd 3 (H-DOTA-4AmP) 2 (DOTA-4Am-P)(H 2 O) 3 ]·18 H 2 O( 1)a re formed when the preformed Gd-DOTA4AmP chelate is diffused slowly with Zn II ions, whereas increasing the rate of this reactionp roduced amorphous 90(AE 30) nm in diameter CP nanoparticles. Here, Zn II ion was selected as the secondary metal ion for as eries of key considerations:1 )its stabilityc onstant with macrocyclic ligands [24, 25] is much lower than that of Gd III [26, 27] and lower than those of other metals (e.g.,F e III , [28] Cu II , [24, 25] etc.), preventing ac ompetition with Gd III to occupy the macrocyclic cavity;2 )its toxicity [29] is lower than other metals (e.g.,C o II , [30, 31] Cu II , [32, 33] etc.), avoiding health risks in the case of disassembly of the structure inside the body; and 3) it is ad iamagneticm etal, so the performed relaxivity studies can be interpretedo nly in terms of the nanostructuration of its building block, the Gd-DOTA-4AmP chelate. [21] Importantly, the colloidal CP nanoparticles we have designed feature ah igh stability in physiological saline solution and in cell culture media, while they showed an increased r 1 relaxivity of 16 mm À1 s À1 at 10 MHz (25 8C, pH 7.4) when compared with that of the originalG d-DOTA-4AmP chelate. In addition, they amplify the relaxivity pH response (Dr 1 = 108 %) that, at intermediate fields , doubles the one of the Gd-DOTA4AmP chelate.
Results and Discussion
Synthesis and crystal structure of 1
The macrocyclic ligand DOTA-4AmP was synthesised adapting ap rocedure reported in the literature. [21] This was then used as al inker to create the crystalso f1 following at wo-step synthesis. [34] This synthesis consistedo ff irst combining DOTA-4AmP with Gd III ions to obtain the corresponding metallomacrocyclic complex Gd-DOTA-4AmPs howingn on-coordinated phosphonic groups. Here, the Gd-DOTA-4AmP wasp repared by adding dropwise as olution of gadolinium chloride hexahydrate in water into an aqueous solution of DOTA-4AmP adjusted to pH 10 (using 1 m NaOH) while being stirred at 70 8C. The pH of the mixture was kept at 10 using 1 m NaOH throughout the addition. Then, the mixture was left at 70 8Cu nder stirring for 18 h. Finally,t he pH was adjusted to pH 8b yt he addition of concentrated HCl. The exact concentration of Gd III ions was determined by ICP-MS, and the final concentration of the GdDOTA-4AmPs olution was adjusted to 20 mm by the addition of water.I nasecond step, an ethanolic solution of zinc acetate was layered onto the aqueous solution of Gd-(DOTA4AmP). After two weeks, transparent octahedral crystals of 1 suitable forsingle crystal X-ray diffraction werec ollected.
Crystal structure of 1 was solved and refinedi nt he tetragonal P4 2 /n group (Table S1, in the Supporting Information). The asymmetricu nit was found to contain three Gd-DOTA-4AmP units, in which the Gd III ion was confirmed to be chelated inside the macrocyclic cavity.T hese Gd III ions adopt ac apped square antiprismatic geometry coordinated to the four ring ni- trogen atoms, the four oxygen atoms of the amide functionalities and one water molecule at the capping position ( Figure 1a) . On the other hand, Zn II ions adopt atetrahedral geometry coordinated to four Oa toms of the phosphonate groups of the macrocyclic Gd-DOTA-4AmP units. In this structure, the three Gd-DOTA-4AmPo ft he asymmetric unit have differences in their geometry and coordination modes. According to the notation introduced by Harris et al. [35] ( Figure S1a in the Supporting Information), the phosphonate groups of Gd1-DOTA4AmP and Gd2-DOTA-4AmPs how the binding mode [3. 111]i n one pendanta rm and the binding mode [2.110] in the other three arms (Figure 1a and Figure S1b in the SupportingI nformation). The phosphonate groups of the Gd3-DOTA-4AmPu nit adopt the binding mode [3.111] Overall, it is very interesting to note that the resulting structure can be analysed in terms of an inorganic framework since the ···Zn II -PO 3 -Zn II -PO 3 ··· linkages extend along the three dimensions. In this framework, the basic units are tri-winged paddle wheel Zn II units, which are formed by two Zn II ions bridged by three phosphonate groups ( Figure S2 in the Supporting Information).T he assembly of theseZ n II units generates two types of Zn x P x O 2x rings (Figure 1b) , one circular 24-membered ring (Zn 6 P 6 O 12 ,1 0.9 10.3 ) and one egg-shaped3 2-membered ring (Zn 8 P 8 O 16 ,1 6.3 5.6 ). The size of these rings is relatively larger than other Zn x P x O 2x rings previously reported. [36] Figure 1c shows the three-dimensional Zn II -PO 3 network resulting from the assembly of these two types of rings. Importantly,t he Gd-DOTA-4AmP units are enclosed in the "hypothetical" channel system of this framework, resulting in am ore compact structure ( Figure 1d )i nw hich guest water molecules are hydrogen-bonded with the oxygena toms of the different phosphonate groups.
Synthesis and characterisation of the Zn-Gd-DOTA-4AmP nanoparticles Any attempt to miniaturize 1 and form colloidal crystalline nanoparticles by meanso fd ifferent techniques (e.g.,h ydrothermals ynthesis, fast mixingo fr eactants, emulsions, etc.) failed. Here, all trials let to the formation of amorphous Zn-Gd-DOTA-4AmP nanoparticles. In fact, by reproducing exactly the same synthesis, but instead of as low diffusion of both solutions we rapidlym ixed them, amorphous Zn-Gd-DOTA-4AmP nanoparticles were immediatelyf ormed. These nanoparticles were then purified by centrifugation and washed several times with ethanol and water,a nd finally redispersed in water.T he resultingw hite colloid showed ag ood stability (Figure 2a To gain more information about the structural-chemical correspondence betweenZ n-Gd-DOTA-4AmP nanoparticlesa nd the crystallines tructure of 1,w ec ompared the results obtained using different characterisation techniques. First, ICP-MS analysisp erformed on the nanoparticles showedaZn/Gd proportion of 2.07, which is consistentw ith that of the crystalline structure( Zn/Gd = 2.16). This resultc onfirms that the proportion between both metal ions is analogousi nb oth materials. Second, elemental analysisp erformed on the nanoparticles agreed with the formula Zn 6.5 [Gd 3 (H-DOTA-4AmP) 2 (DOTA-4Am-P)(H 2 O) 3 ]·18 H 2 O( Ta ble S2 in the Supporting Information). Third, both infrared (FT-IR) spectra ( Figure S5 in the Supporting Information) and thermogravimetric analysis (TGA;F igure S6, in the Supporting Information) carriedo ut with the nanoparticles and 1 matched.H ere, the IR spectra confirm the coordination of the phosphonate groups of Gd-DOTA-4AmP to the Zn II metal ions, as evidenced by the presence of two strong peaks at 1070 and9 92 cm À1 . [37] TGA showed af irst weight loss of 9.1 % for 1 and 10.6 %f or Zn-Gd-DOTA-4AmPn anoparticles in the range 35-275 8C, whichw as attributed to the loss of all guest water molecules( theoretical = 10.5 %c onsidering molecular formula of 1). Decomposition of 1 and Zn-Gd-DOTA-4AmP nanoparticles occurs in the range of 275-740 8Ci nasingle step ( Figure S6 in the Supporting Information). Finally, 31 PM AS NMR solid-statem easurements using Eu III instead of Gd III (1 and 1-Eu are isostructural;s ee Figure S3 and Figure S5 in the Supporting Information) [38, 39] confirmed that the peak shift to higher fields and its widening due to the inclusion of Eu III in the DOTA-4AmP ligand was maintained in the case of Zn-Eu-DOTA-4AmP nanoparticles andi nc rystalso f1-Eu. This result confirmed the presence of the lanthanide(III)-DOTA-4AmP unit in both materials ( Figure S7 in the Supporting Information).
We also collected X-ray total scattering pair distribution function( PDF) data for both samples. PDF analysisi sa ne xcellent technique to access structural information about materials in which disorder or crystallite size broadening effects limit the use of conventionalB ragg crystallographic techniques. [40] Because of this, PDF analysis has recently been applied in CP/ MOFs to study conformational changes [41] or to identify the correct structural features in MOF nanocrystals. [42] Figure 3 shows the resultso ft hese measurements as the PDF, G(r)f unction of each sample. G(r)p rovides the real-space probability of finding ap air of atoms at ad istance rr elative to the average atomic density in an isotropic sample;t hat is, it is aw eighted histogramo fa tom-atomd istances in as tructure. The presence of peaks in the case of 1 at r > 5(Figure3aa nd Figure S8 in the Supporting Information) indicates long-range ordera nd agreesw itht he Bragg diffraction observed in the PXRD measurements ( Figure S3 in the Supporting Information). On the other hand, Zn-Gd-DOTA-4AmP nanoparticles appear diffuse for r > 5,demonstrating the loss of long-range order as aconsequence of the miniaturisation process. However,c areful analysis (using PDFguis oftware,F igure S9 in the Supporting Information) [43] of the peaks at low distances (r)r evealed that 1 and Zn-Gd-DOTA-4AmP nanoparticles presentav ery similar pattern (Figure 3a) . Figure 3c orrelates the peak positions of G(r)f or both materials with the average atomic distances extracted from the crystalline structure of 1.T heir similarity confirms that the main building blocks forming the crystal structure of 1 are also present in the nanoparticles. The loss of the peak at 5.43 s hows that disordering may develop between the Gd III ion andt he Zn II ion distance upon miniaturisation. Additionally, the presence of two broader features beyond5( Figure S8 in the Supporting Information) show that as malld egree of structural coherence remains up to about 10 .
To this end, altogether these techniques confirmed that even though the Zn-Gd-DOTA-4AmPn anoparticles do not show al ong-range structural ordering, their compositiona nd chemicalc onnectivity at as hort range is comparable to those found in the structure of 1.
Relaxometricm easurements
Reliable relaxometry studies of any materialn eed to be done in as table nanoparticle colloid. Thus, we first studied the stability of these nanoparticles in physiological saline solution (NaCl, 0.9 %). For this, as-synthesised Zn-DOTA-4AmP nanoparticles were first centrifuged and redispersed in water three times andf inally redispersed in the mediumo fs tudy to form as table colloid.E xposure of this sample to saline solutiona t pH 5.5, 7.4, and 8.5 and at T = 37.5 8Cl ed to negligible leaching of total Gd III :1 .7, 1.2 and 1.8 %i nt he first 10 min, and3 .6, 1.3 and 1.8 %a fter 10 h, as determined by ICP-MS( Figure S10 in the Supporting Information).
The form in which the small amount of Gd III is released during this degradationw as studied by mass spectrometry ( Figure S12 in the Supporting Information), butn ot those signals corresponding to free DOTA-4AmP.T hese resultsa re in agreement with cytotoxicity assays conducted with two cell lines, Hep G2 and MCF-7. Both cells showedg ood viability (75 %f or Hep G2 and for MCF-7) when incubated for 24 hw ith Zn-Gd-DOTA-4AmP nanoparticles, even at [Gd] = 200 mm.T his lack of cytotoxicity for the nanoparticles is attributed to the eventual release of the Gd-DOTA-4AmP species nontoxic to cells insteado ft he free Gd III ion. Indeed, identicalt oxicity experiments performed on the Gd-DOTA-4AmP chelate showed that Gd-DOTA-4AmP exhibits similar viabilities (69 %f or Hep G2 and 67 %f or MCF-7). Clearly,t he lack of cytotoxicity does not guarantee in vivo nontoxicity.A lso, the presence of phosphonate groups often drives to bone accumulation of such agents. [44] Nevertheless, they still might be helpful in small animal studies withoutc ausing acute toxicity,a si th as been evidenced by the successful use of Gd-DOTA-4AmPf or pHmapping of mouse kidney [45] or rat glioma. [46] Relaxometry properties were investigated by 1 Hn uclear magnetic relaxation dispersion (NMRD) profiles in the frequency range 10 kHz n 400 MHz using ac olloidal suspension of the Zn-Gd-DOTA-4AmPn anoparticles in saline solution.T he suspension was stable throughout the measurement without addition of surfactants or thickeners that can interfere. The relaxivity r 1 profiles as af unctiono ft he magnetic field at pH 7.4 at 25 8Ca nd 50 8Cs how an increase at intermediate magnetic fields, reaching am aximum of r 1 at 10 MHz and 25 8C( r 1 = 16 mm À1 s À1 ;F igure 4). This is characteristic of slowly rotating speciesa nd enablest or each more than two times higher relaxivities than that of the discrete Gd-DOTA-4AmP complex at the same field and temperature (r 1 = 7.4 mm À1 s À1 ). Figure 4 also shows that the relaxivity slightly decreases with temperature, conversely to what was observed for the previously reported CAMOF-1, [18] where mean protonexchange was the limiting factor.T he temperature-dependenceo ft he relaxivities of Zn-Gd-DOTA-4AmP nanoparticles indicates that the relaxivity is not limited by proton exchange.
pH-dependent relaxometrics tudy
The pH dependence of r 1 of Zn-Gd-DOTA-4AmP nanoparticles was studied at 20 MHz in the pH range between4and 10 (Figure 5a ). This pH range was selected to avoid leaching of either Gd-DOTA-4AmPo rZ n II ions. Indeed,t he releasei sless than 3.0 %i nw eighta t4< pH < 10, however ab urst release of the complex was observed at pH 4, indicating af ast degradation of the nanoparticles below pH 4( Figure 5b ). In consequence, relaxometric data were collected in the pH range 4-10 by startingw ith ac olloidal suspensiono ft hesen anoparticles in saline solution at pH 7.4 and with aG d III concentration of 5.4 mm.T he pH was stepwise lowered to 4a nd then increased to 10 by the addition of small quantities of hydrochloric acid and sodium hydroxide, respectively,a fter which the pH andT 1 were immediately measured.T he concentration of Gd III was corrected after each addition of concentrated acid/base to calculate r 1 .I dentical r 1 values were obtained when startingt he measurementsf rom ac olloidal suspensionw ith ap Hi nitially set at 4a nd raising it with sodiumh ydroxide, confirming the reversibility of the pH dependence of Zn-Gd-DOTA-4AmP nanoparticles. The plottedd ata have the shape of an asymmetric inverted parabola (Figure 5a ). The r 1 values steeply increasef rom pH 4( r 1 = 7.9 mm À1 s À1 )t op H6 (maximum r 1 = 16.4 mm À1 s
À1
), then steadily decrease reachingavalue of r 1 = 8mm À1 s À1 at pH 10. For direct comparison, we also repeated the pH dependence study for the Gd-DOTA-4AmPc omplex. [21] The r 1 values increase from pH 4( r 1 = 4.8 mm À1 s
)u pt op H6 (maximum r 1 = 5.8 mm À1 s
), followed by ad ecrease to reach am inimum at pH 9( r 1 = 3.9 mm À1 s
). As Figure 5a evidences, the use of the nanoparticle amplifies the pH-dependent relaxivity changes at this frequency. Indeed,f or Zn-Gd-DOTA-4AmP nanoparticles, the difference between the maximum (r 1 = 16.4 mm À1 s À1 ;p H6)a nd the minimum( 7.9 mm À1 s À1 ;p H4)r elaxivity values corresponds to af actor of two (Dr 1 = 108 %), while for Gd-DOTA-4AmP, the difference between the maximum (r 1 = 5.8 mm À1 s À1 )a nd the minimum (r 1 = 3.9 mm À1 s
)i s af actor of 1.5. This is nevertheless as lightly smallera mplifica- tion than what has been observed for Gd-DOTA-4AmP conjugated to aG 5-PAMAMd endrimer (Dr 1 = À122 %b etween pH 6 and 9). [47] Evidently,t he amplification of the pH response by nanoscale systems such as our CP or the G5-PAMAM dendrimer operates only at intermediate fields, where the effect of slow rotation on protonrelaxivity is observable.
Sherry and co-workerss howedw ith potentiometric and relaxometric studies that the phosphonates of the pendant arms were responsible of the unique pH-responsiveb ehaviour of Gd-DOTA-4AmP. [21] They concluded that the protons of the Gd III -bound water molecule undergo ap rototropic exchange with the bulk solvent which is catalysed by the phosphonate groups located close enough to the coordinated water.I np articular,t hey could derive that the diprotonated complex has the maximal effect on the measured relaxivity and was responsible for the relaxivity peak at pH 6.3. They have also shown that converting these phosphonate groups to phosphonate esters eliminatest he pH responsive behaviour. [48] It is remarkable that the pH dependence profile of the relaxivity is preserved when Gd-DOTA-4AmP is part of ac oordination polymer framework, despite the fact that most of the phosphonate oxygens are involved in coordination bonds to the Zn II cations.Wehave provedthat the coordination polymer is not destroyed in the pH range 4-10 (see above). We can thus hypothesize that three possible mechanismsc ould account for the pH responsiveness of the nanoparticles, which can take place simultaneously.F irst, the pH dependence in the nanoparticles can be attributed to non-coordinating phosphonate groups on the surface of the nanoparticles. Second, intrinsic defects of anyf ramework could also assure the presence of an umber of non-coordinating phosphonate groups alsoi nt he interior of the nanoparticles. Finally,i th as been described that coordinated oxygen atoms of the phosphonate groups can also accept protons, [49] making possible their protonation and the catalysis of the prototropic water exchange on the Gd III centres as formulated by Sherry.
By potentiometry,S herry et al. determined four protonation constantsf or the monomer Gd-DOTA-4AmP complex, which are log K H1À4 = 7.20, 6.47, 6.03 and 5.36, respectively. [21] In order to gain some information about the protonation scheme of the Zn-Gd-DOTA-4AmP nanoparticles,w eh ave titrated as olution of the nanoparticles (5.4 mm in Gd III )b ya dding increasing amountso f1m NaOH. The titration curve shows that protonation occursi nalarger range (pH 4t o1 0, Figure 5c )t han what was observedf or the monomer,w hich is not surprising as many protonation sites are in close proximity,a nd the Zn-Gd-DOTA-4AmPn anoparticle is expected to behave as ap olyelectrolyte. This implies that the protonation of one site strongly influences the protonation of neighbouring sites. As ar esult, the protonation steps extendo nalarger pH range, instead of being characterisedb yd iscrete protonation constants. This site-binding model explainst he characteristic broadening of the titrationc urve of polyelectrolytes with respectt ot he one of ac orresponding monoprotic acid or base. [50] Although it is impossible to extract protonation constants from the titration curve, it unambiguously indicates that in average, there are several protonation sites per Gd-DOTA4AmP unit in the nanoparticles. It implies that protonation occurs also within the interioro ft he framework. This is an interesting finding since it shows that these nanoparticles can accept al arge quantity of protons withoutt he destruction of the coordination polymeric network. We note that metal coordination of protonated phosphonate oxygens has been previously reported. [49] Based on theser esults, we can conclude that the possibility to protonate the phosphonate oxygens even within the nanoparticles explains why the pH-dependent relaxivities are retained. 
Conclusions
We have created ab imetallic Zn II -a nd Gd III -based coordination polymer( CP) by using, for the first time, am acrocyclicc helate (Gd-DOTA-4AmP) as building block. This design element warrants stable complexation of the lanthanide ion, even in case of partial disassembly of the polymeric network. This coordination polymer can miniaturised to the nanometer scale (90(AE 30) nm) to form stable colloids, preserving its structural coherence up to about 10 . The colloid is stable in saline solution at physiological pH, in cell culture media;a nd it does not show cytotoxicity.T he Zn-Gd-DOTA-4AmPn anoparticle has am aximum r 1 relaxivity of 16.4 mm À1 s À1 at pH 6a nd 10 MHz. It retains the pH-dependence profile of the monomer in the pH range 4-10,w ith ad ouble relaxivity response to pH change (Dr 1 = 108 %) as compared to the monomer Gd-DOTA4AmP (Dr 1 = 50 %). Furthermore,w eh aved emonstrated by potentiometric measurements that the Zn-Gd-DOTA-4AmPC P nanoparticles behave as ap olyelectrolyte, accepting several protons per Gd-DOTA-4AmP unit withoutd estroying the CP framework.
This proof-of-concept study shows that Gd III -chelates can serve as building blocks to create stable MOFs/CP. Such systems can be explored to enhancet he relaxivity or pH dependence properties in view of their potential use in MRI diagnostics.
Experimental Section General considerations
All chemical reagents and solvents were purchased from commercial sources and used as received without further purification. NMR spectra were recorded on aB ruker Avance DPX-250 spectrometer and Bruker AMX-400 Wide Bore for liquid and solid-state samples, respectively.M ass spectra were acquired on am icrOTOF-QII ESI-MS instrument. Purity of all bulk material batches was confirmed by Xray powder diffraction (XRPD) patterns collected on an X'Pert PRO MPD analytical diffractometer( Panalytical) at 45 kV,4 0mAb y using Cu Ka radiation (l = 1.5419 ), and compared with single-crystal simulated patterns. Thermogravimetric analyses were performed under nitrogen flow using aS TA 449 F1 Jupiter-Simultaneous TGA-DSC from NETZSCH with ah eat rate of 5 8Cmin
À1
.I Rs pectra were recorded in transmission mode on aB ruker Te nsor 27FTIR equipped with aG olden Gate diamond ATRc ell. Elemental analysis measurements were performed on aF lash EA 2000 CHNS, Thermo Fisher Scientific analyser.I norganic elemental analysis measurements were performed on an ICP-MS 7500ce, Agilent Te chnologies. Scanning electron microscope images were acquired on aF EI Quanta 650F working at an accelerating voltage of 2kVa nd ab eam current of 50 pA. Transmission electron microscope images were acquired on aJEOL JEM-1400 working at an accelerating voltage of 120 kV.
Synthesis of Gd-DOTA-4AmP and Eu-DOTA-4AmP
First, as olution of DOTA-4AmP (354 mg, 396 mmol) in water (8 mL) was prepared and the pH was adjusted to 10 by cautious addition of 1 m NaOH. Then, as olution of gadolinium chloride hexahydrate was prepared (147 mg, 396 mmol) in water (2 mL). Gadolinium chloride solution was added dropwise into the stirring DOTA-4AmP solution which was warmed at 70 8C. The pH of the stirring mixture was kept at 10 by addition of concentrated NaOH (1 m)d uring the addition process. Note that, after each addition of gadolinium chloride into the DOTA-4AmP solution, aw hite precipitate appears at first, but it is dissolved after some minutes, indicating that Gd-DOTA-4AmP is being formed. The absence of free Gd III in the stirring mixture was also monitored by xylenol orange test. [51] The addition of gadolinium chloride was stopped after the xylenol test showed the persistent presence of free gadolinium. Then, the mixture was left at 70 8Cu nder stirring for 18 h. Finally,t he pH was adjusted to pH 8b yt he addition of concentrate HCl. The exact concentration of Gd III ions was determined by ICP-MS, and the final concentration of the Gd-DOTA-4AmP solution was adjusted to 20 mm by the addition of water.T he same procedure was followed for the synthesis of Eu-DOTA-4AmP but using europium chloride hexahydrate instead of gadolinium chloride.
Synthesis of 1and 1-Eu
As olution of zinc acetate dihydrate in ethanol (4 mL, 11.3 mm)w as carefully layered onto aG d-DOTA-4AmP aqueous solution (4 mL, 5.2 mm)i na9mLg lass vial. This glass vial containing the liquid diffusionw as capped and left undisturbed at room temperature for two weeks. After that, transparent octahedral crystals of 1 appeared on the walls and at the bottom of the vial. To recover crystals of 1,the liquid phase was exchanged by fresh EtOH/water mixture (50:50) and the vials were sonicated in an ultrasounds bath at 0 8Ctodetach the crystals from the glass walls. The process was repeated two more times, and the crystals were finally kept under pure water.T he same procedure was followed for the synthesis of 1-Eu but using an aqueous solution of Eu-DOTA-4AmP instead of Gd-DOTA-4AmP.
Synthesis of Zn-Gd-DOTA-4AmP and Zn-Eu-DOTA-4AmP nanoparticles As olution of zinc acetate dihydrate in ethanol (4 mL, 11.3 mm)w as rapidly added onto aG d-DOTA-4AmP aqueous solution (4 mL, 5.2 mm)u nder stirring (900 rpm) at room temperature. Immediately after this addition, the appearance of aw hite solid was observed, and the mixture was left stirring for 12 h. To recover Zn-Gd-DOTA-4AmP nanoparticles, the solid was precipitated by centrifugation (44 000 RCF,1 0min) and washed four times with EtOH/ water mixture (50:50) and finally redispersed in pure water.T he same procedure was followed for the synthesis of Zn-Eu-DOTA4AmP nanoparticles but using an aqueous solution of Eu-DOTA4AmP instead of Gd-DOTA-4AmP.
X-ray crystallography
Crystallographic data for 1 were collected at 100 Ka tX ALOC beamline [52] at ALBA synchrotron (l = 0.88557 ). These data were indexed, integrated and scaled using XDS program.
[53] Absorption correction was not applied. The structure was solved by direct methods [54] and subsequently refined by correction of F 2 against all reflections using SHELXS2013 and SHELXL2013 within the WinGX package. [55] All non-hydrogen atoms were refined with anisotropic thermal parameters by full-matrix least-squares calculations on F 2 using SHELXL2013. Hydrogen atoms were inserted at calculated positions and constrained with isotropic thermal parameters. The hydrogen of the crystal lattice water molecules present in the structure were not located on Fourier map, but were added in the empirical formula to allow accurate determination of density and 
Total X-ray scattering PDF measurements
To tal scattering X-ray PDF experiments were performed at the National Synchrotron Light Source II (NSLS-II) on beamline 28-ID at Brookhaven National Laboratory.T he miniaturised sample (shown) was measured using the rapid acquisition pair distribution function (RaPDF) technique [56] with an X-ray energy of 65.7107 keV (= 0.188682 ). AP erkin-Elmer 2D at panel detector (2048 2048 pixels and 200 200 mmp ixel size) was mounted orthogonal to the beam path with as ample-to-detector distances of 300.785 mm. The raw 2D data were azimuthally integrated and converted to 1D intensity versus the magnitude of the scattering vector Q (Q = 2 psin(q)/l =)u sing xPDFsuite [57] then corrected, normalised and Fourier transformed to obtain the PDF, G(r), using PDFgetX3. [58] A Ni standard was measured to calibrate the experimental setup with xPDF suite and fit with an FCC Ni model in PDFgui [43] to determine the instrumental resolution effects on the PDF, Q damp = 0.033039 À1 and Q broad = 0.013760
À1
.B oth miniaturised and crystalline (shown) samples were measured on as ubsequent date with an X-ray energy of 67.3910 keV (= 0.183977 ) and ad etector distance of 207.6170 mm, giving instrumental resolution effects Q damp = 0.043902 À1 and Q broad = 0.017594
.T he separate measurements of the miniaturised samples were consistent, but with better statistics collected on the former.
Cytotoxicity assays
Human breast-cancer cells (MCF-7) and human hepatocellular carcinoma cells (HepG2) were obtained from the American Type Culture Collection (ATCC, Manassas, VA,U SA). The cells were routinely cultured with DMEM F12 or DMEM (Invitrogen) containing 10 %( v/v) heat-inactivated foetal bovine serum (FBS), at 37 8Ci nahumidified 5% CO 2 atmosphere. Growth inhibitory effects on cell lines were measured by the XTT (sodium 2,3,-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-tetrazolium inner salt) assay. Cells were plated at ad ensity of 4103 cells per well in 100 mLo f culture medium in 96-well plates, and cultured. After 24 hi ncubation cells were treated with different concentrations of Gd-DOTA4AmP and Zn-Gd-DOTA-4AmP nanoparticles during 24 ha nd then, 20 mLo fX TT was added. After 2h,t he colour formed was quantified with as pectrophotometric plate reader at 490 nm by am icroplate reader (Victor3). The percentage of cell viability was calculated by dividing the average absorbance of the cells treated with the complex by that of the control. Each sample was tested in quadruplicate.
Relaxometry measurements
Proton NMRD profiles were recorded on aS telar SMARTracer fast field cycling relaxometer (0.01-10 MHz) and aB ruker WP80 NMR electromagnet adapted to variable field measurements (20-80 MHz) and controlled by aS MARTracer PC NMR console. The temperature was monitored by aV TC91 temperature control unit and maintained by ag as flow.T he temperature was determined by previous calibration with aP tr esistance temperature probe. The longitudinal relaxation rates (1/T 1 )w ere determined in physiological saline solution (NaCl, 0.9 %) for colloidal suspensions of ZnGd-DOTA-4AmP nanoparticles ([Gd] = 5.0-5.4 mm).
